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ABSTRACT 
 
MOLECULAR ANALYSIS OF THE MATING SYSTEM OF A POPULATION OF 
FANTAIL DARTER (Etheostoma flabellare) IN BATES FORK, GREENE CO., PA 
 
 
 
By 
Ashley E. Seitz 
December 2017 
 
Dissertation supervised by Dr. Brady Porter 
 In May 2013, we examined the mating system of the Fantail Darter, Etheostoma 
flabellare, from a population inhabiting Bates Fork, a small tributary of the Monongahela 
River in Greene County, PA.  Guarding adult male Fantail Darters excavate an area under 
a flat rock in moderately flowing rifles. Females select a male or his territory and deposit 
clusters of eggs on the underside of the nest rock. The guarding male provides all parental 
care. The locations of 23 nests were mapped over a 139m2 stream segment before 
collecting embryos and attending males for a genetic parentage analysis. DNA was 
extracted from embryos and adults representing five nests and parental relationships were 
established using three microsatellite loci. The average number of eggs in each nest was 
349, with a range of 50 – 817 eggs.  The average minimum number of females that 
contributed to each nest was 5.8 females. In two of the five nests, the guarding male was 
 v 
providing foster care to a small number (2-5) of embryos, indicating low-level cuckoldry 
events. No evidence for nest takeover was detected. 
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Chapter 1 Introduction 
Part 1.1 Focus Species & Reproductive Habits 
Etheostoma flabellare, the Fantail Darter, is the focus species of this study.  The 
Fantail Darter belongs to the Percidae family, the genus Etheostoma, subgenus 
Catonotus, and species flabellare.  The species name “flabellare” means fanlike, which 
is a tribute to the shape of the caudal fin.  The Fantail Darter can reach up to 70mm in 
standard length, but usually do not exceed 60mm (Kuehne and Barbour, 1983).  They are 
brown or olive in color and sometimes have vertical lines on the sides of their body 
(Page, 1983).  Etheostoma flabellare tend to inhabit smaller streams during the breeding 
season, on average those with a width of less than 9.1 meters.  The species primarily 
inhabits riffles, where the bottom of the stream is comprised of flat stones, boulders and 
gravel.  After the breeding season, the Fantail Darters move downstream to winter in 
larger and deeper waters (Trautman, 1957). 
In general, darter mating systems include a male which selects and defends a 
territory, participates in polygynous mating and then cares for the developing embryos 
(Winn, 1958).  Female darters in the subgenus Catonotus prefer to mate with males that 
are already caring for eggs (Marconato and Bisazza, 1986).  This has been the result of a 
few studies conducted on various species of darter, including the Spottail Darter, 
Etheostoma squamiceps (Page, 1974), the Stripetail Darter, Etheostoma kennicotti (Page, 
1975), the Striped Darter, Etheostoma virgatum (Porter et al., 2002), the Tessellated 
Darter, Etheostoma olmstedi (Constanz, 1985) and the Fantail Darter (Knapp and 
Sargent, 1989). 
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During the breeding season, Fantail Darter males will establish a nest site on the 
underside of a flat rock, where the current is negligible.  Females travel upstream to find 
these territories, and select a male and his territory for mating.  When underneath the 
rock, the female flips upside down and deposits her eggs (Winn, 1958).  Females arrange 
their eggs in a single layer, referred to as egg clustering, so that each individual egg can 
be tended to by the male (Page, 1985).  As soon as this occurs, the male flips over, 
fertilizes the eggs, and immediately returns to upright position.  The eggs are laid in 
continuous patches, averaging about 34 laid at one time.  The female leaves the area 
immediately after depositing the eggs, because the male may attack if she remains under 
the rock, in order to make room for a new female.  The male then uses the tip of his 
dorsal fins to rub the eggs, which keeps them clean.  Without parental care, the eggs are 
susceptible to infection and degradation (Winn, 1958). 
There are two types of males within a Fantail Darter population: those that 
establish a territory (a nest guarding male) and those who do not (sneaker males or 
juveniles).  Nest guarding males are typically darker in color and larger in size than those 
not occupying a nest, and the males will darken further if chasing a male or a female 
away from a nest (Winn, 1958).  Guarding males mate with multiple females and as a 
mating strategy, they will develop fleshy knobs at the tips of their first dorsal fin.  These 
knobs resemble eggs, which indicate to the female that the male is currently caring for 
eggs.  Females prefer to mate with males who already have eggs, as it signals that the 
male is capable of providing sufficient protection (Marconato and Bisazza, 1986).  It is 
thought that the female preference for spawning at a nest that already contains eggs may 
be due to a few reasons, including the preference of the enhanced display provided by 
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egg mimics (Jamieson and Colgan, 1989) (Figure 1.1), good male parenting behavior 
(Sargent, 1988), or because an increased number of eggs indicates a less of an 
opportunity for a predator to prey on the majority of that particular female’s eggs 
(Whoriskey and FitzGerald, 1994).  Due to the female preference for egg-containing 
nests, Fantail Darter males have developed responsive reproductive strategies, including 
egg mimicking spots on their dorsal fins and instances of allopaternal care, which can 
include nest takeovers or cuckoldry (Porter et al., 2002).  Egg mimics are believed to 
initially have been developed as fleshy masses to protect the eggs from the fins of the 
guarding male, but are now developed to look like an actual egg (Page and Swofford, 
1984). 
Figure 1.1. A photo of an adult male E.flabellare with displayed egg mimics on the 
dorsal spines. 
 
 
 In nest tending fish species, when genetic data deduces that the nest guarding 
male is not the sire of a small portion of the offspring of a nest, it can be inferred that a 
Photo credit: Dr. Brady Porter 
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stolen fertilization event has occurred.  Instances of cuckoldry can occur when another 
nest guarding male (DeWoody et al., 1998) or a sneaker male (not caring for a nest) 
(Phillip and Gross, 1994) sires a portion of the eggs at a nest that is already being cared 
for.  Studies have shown that cuckoldry rates increase in populations of a high density of 
both nest guarding males and sneaker males (DeWoody et al., 2000b; Gross, 1991; 
Phillip and Gross, 1994). 
 It can be inferred that a nest takeover event has occurred when the genetic data 
deduces that the nest guarding male is not the sire of any of the offspring.  A nest 
takeover event can occur when the paternal nest guarding male dies, or abandons the nest, 
or is forced out by another male.  A nest takeover event can also be inferred if the more 
developed embryos are not genetically comparable to the current nest guarding male, but 
the less developed embryos are (DeWoody and Avise, 2001).  A case as such would 
indicate that the male that took over the nest has managed to be reproductively successful 
and has sired offspring of his own.  A study focused on the Tessellated Darter showed 
that of a sample of 16 nests, two experienced cuckoldry and three experienced a nest 
takeover (DeWoody et al., 2000d). 
Part 1.2 Study Site 
 The study site was a 139m² segment of Bates Fork, downstream of the confluence 
with Fonner Run.  Bates Fork is located in Greene County, Pennsylvania, and the study 
site was located approximately 11.75km northwest of the borough of Waynesburg.  Bates 
Fork is a tributary to Tenmile Creek, which is a tributary to the Monongahela River.  This 
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area of Pennsylvania has been the focus of many water quality and environmental impact 
studies due to its location on the Marcellus Shale formation. 
Part 1.3 Genetic Analysis 
 Genetic markers, such as microsatellites, are used to provide information about 
population structure, genetic variability, and parentage.  Microsatellites in particular are 
highly variable, and thus are capable of providing information concerning migration and 
relatedness of individuals.  Microsatellites are 1-6 base pair motifs of repeated DNA, 
where alleles are denoted by the number of times the motif repeats itself.  The most 
common repeat motifs are dinucleotide (two bases), trinucleotide (three bases), and 
tetranucleotide (four bases).  Polymerase chain reactions are used to amplify the 
microsatellite locus.  This is achieved through the use of a pair of oligonucleotide 
primers, which are designed to match the regions that flank a particular microsatellite.  
The oligonucleotides anneal (bind) to the DNA around the microsatellite and with the aid 
of polymerase, allow for amplification to occur (Selkoe and Toonen, 2006). 
Microsatellites are the genetic marker of choice for this study for a variety of 
reasons.  First, microsatellites provide answers to fine-scale ecological questions, such as 
parentage and identification of individuals within a population.  Microsatellites are small 
in length, which makes them useful even if DNA degradation occurs.  Also, 
microsatellites are species-specific, which reduces the possibility of amplification of non-
target species DNA, such as human contamination (Selkoe and Toonen, 2006). 
Regions of a genome can change due to recombination, selection or genetic drift, 
therefore using only one locus may not provide an accurate comparison of individuals.  
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Microsatellites are single locus, which allows for the genotyping of mass amounts of 
individuals due to simplicity, but also allows for more than one microsatellite to be used 
at a time or per study, which lessens the likelihood of identification errors by homoplasy.  
In the particular case of parentage analysis, microsatellites are ideal because their high-
mutation rates provide high allelic diversity, which allows one to identify individuals and 
compare genotypes (Selkoe and Toonen, 2006). 
The microsatellites selected for use in this study were chosen based on 
publications of their use and PCR conditions and because they were of closely related 
species.  The selection of a final set for parentage analysis was part of the study 
conducted. 
Part 1.4 Goals, Objectives, and Hypotheses of the Study 
The goal for this study is to provide molecular information about the mating 
system of Etheostoma flabellare, the Fantail Darter.  This study is focused on 
reproduction because the monitoring of such characteristics allows for indication of 
evolutionary changes within a species or population.  The particular species was selected 
because of its unique reproductive habits, and because they are an indicator species, 
meaning changes in their habits will provide information of environmental impact. 
One objective for this study was to determine a set of microsatellite loci that 
would be the best possible markers for determining parentage.  Another objective for this 
study was to genetically analyze a sample of nest sites to determine reproductive 
strategies, and further, to use this data to determine what makes a male Fantail Darter 
reproductively successful. 
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The hypotheses of the study are as follows: 
(1) From a set of 20 microsatellite loci initially developed for closely related 
darter species, there will be some that will cross-amplify with the Fantail 
Darter, meet HWE and linkage-equilibrium criteria and reveal exclusion 
probabilities greater than 99% for the general adult population samples from 
Bates Fork. 
(2) Instances of cuckoldry will be found, and will occur in nest sites with 
guarding males of smaller size than other guarding males. 
(3) The size (weight, standard length) of the guarding males will have a positive 
relationship with the males’ reproductive success.  In this study, reproductive 
success is measured by a genetic estimate of the number of females that 
contribute to a nest and the total egg count in a nest. 
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Chapter 2 Materials and Methods 
Part 2.1 Field Collection 
Part 2.1.1 Study Area 
Study specimens were collected from Bates Fork located in Greene Co., 
Pennsylvania, downstream of the confluence with Fonner Run (39°57’35.1”N, 
80°15’23.6”W).  Figure 2.1 shows a Google map image of the study site, a Google 
satellite image of the study site, and a photo of the study site taken May 2013 during the 
collection period.  The study site was located west of W-W Road, across from the start of 
Trail 482 (Fonner Run Road), 11.75km NW of the borough of Waynesburg.  Bates Fork 
is a tributary to Browns Creek, which is a tributary to Tenmile Creek, which is a tributary 
to the Monongahela River.  The collection periods occurred on May 1 and 3 of 2013.  
Upon arrival at the study site, wooden stakes labelled “DU 1”, “DU 2”, “DU 3” and “DU 
4” were placed along the left descending bank and “DU 5” was placed along the right 
descending bank.  These stakes, in addition to the previously placed “Pitt 1” and “Pitt 2” 
stakes (placed by the University of Pittsburgh for previous studies), were used to measure 
wet width and distance between stakes and stream banks for accurate location marking of 
nests found.  A drawn map of the study site with nest and stake locations is shown in 
Figure 2.2.  Water chemistry (temperature, conductivity, dissolved oxygen, pH) was 
measured on both collection dates using a YSI hand-held meter 556 multi-probe system.  
Turbidity samples were measured using a Hach 2100P turbidimeter.  Water chemistry 
data is located in Appendix F.  Information on substrate condition, daily high 
temperature, and nearby foliage was also recorded. 
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Figure 2.1. The study site at Bates Fork, Greene Co., PA: Google map image, Google 
satellite image, and photo of the study site. 
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Figure 2.2. A drawn map of the complete study site (left) and the portions of the site 
of which collection activities occurred (top right – May 3 2013, bottom right – May 1 
2013). 
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 Figure 2.2 is a drawn map of the study site and its details, created in Microsoft 
PowerPoint.  On the left is an image of the complete study site from both collection dates 
of May 1 and May 3, 2013.  The blue arrows indicate the direction of stream flow, the 
blue dots represent the DU and Pitt stakes, the red dots represent collected nest rock 
locations, the green dots represent collected and genetically analyzed nest rock locations, 
each green and red nest rock is numbered, and boxed numbers represent nest rock 
locations that were found with an associated Fantail Darter adult at or near the nest.  The 
images on the right are the segments of stream that were surveyed, the bottom image is 
from May 1 and the top image is from May 3. 
Part 2.1.2 Nest Collection 
Potential nest rocks were surrounded by aquarium nets and carefully lifted out of 
the water to check for eggs on the underside.  A photograph of each nest was taken, and a 
sketch of each rock and nest was completed (photos and sketches can be found in 
Appendix B).  Figure 3.1 includes a photo and sketch of the five nests that were 
genetically analyzed in this study.  The rocks containing nests were measured for length, 
width and height.  The length and width of each nest was also measured and recorded.  
Eggs were then carefully scraped into a labelled Falcon tube and preserved in a saturated 
NaCl solution containing 20% dimethyl sulfoxide (DMSO).  The location of each nest 
was marked using a weighted bobber.  The distance from nests to each DU pole (1-5) and 
each stream bank were measured.  A wet width and stream depth were measured at each 
nest site.  Stream flow at stream bottom and 60% depth were also taken using a Marsh 
McBirney Flowmate model 2000 portable flowmeter.  Data for each nest, including date 
collected, number of males/females associated, size of egg patch, size of nest rock, 
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distance to stakes and stream banks, depth of stream, and flow at the bottom of the stream 
and at 60% stream depth, are located in Appendix C. 
2.1.3 Adult Collection 
As each potential nest rock was lifted, it was surrounded by aquarium nets to 
catch any possible guarding males.  If a nest was found and an E. flabellare adult was 
underneath or near the nest, the adult was captured and euthanized in MS-222 (Tricaine 
mesylate).  Once euthanized, the adult specimen was preserved in absolute ethanol in a 
labelled (date, nest #) centrifuge tube (50mL Falcon-style).  Such adults will be referred 
to as “associated adults” or “guarding males” throughout the study.  After all nests were 
collected, a general population of E. flabellare adults and other species in the area was 
collected by electroshock method using a Smithroot LR-24 backpack electroshocker.  All 
fish collected during electroshocking were identified (species) and counted, the 
information is included in Appendix D.  Species other than E. flabellare were then 
released.  All E. flabellare collected during electroshocking were preserved in a labelled 
jar containing absolute ethanol.  Once back in the laboratory, about 2 hours after initial 
preservation, ethanol was replaced in all sample jars and tubes.  The length of the 
sampled portion of the stream was measured. 
Part 2.2 Specimen Data Collection 
Part 2.2.1 Adult Data Collection 
All fish samples were organized into three groups: a general population sample 
from May 1, a general population sample from May 3, and all associated males/females 
(individuals found near or at a nest site).  Associated individuals were stored in individual 
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tubes.  Data for each individual of the general population samples was taken for: total 
length (mm), girth, sex, and number of egg mimics present if applicable.  General 
population data can be found in Appendix A.  Each individual received an assigned 
number which was placed on a paper tag in the gills.  Data for each associated individual 
was taken for: total length (mm), standard length, depth, girth, weight (g), sex, and 
number of egg mimics present if applicable (Table 3.1).  Associated adults were assigned 
labels according to the nest they were found near and gender.  For example, N1M1 refers 
the first associated male found at nest N1, and N21F2 refers the second female found at 
nest N21. 
Part 2.2.2 Clutch Size Determination 
Each photo of each nest was projected onto a whiteboard and each individual egg 
was counted to provide a total number of eggs for each nest. 
Part 2.3 DNA Extraction 
Part 2.3.1 Adult DNA Extraction 
A standard Phenol: Chloroform: Isoamyl Alcohol extraction (Maniatis et al., 
1982) was used for all adult DNA tissue extraction.  Each adult was placed on a clean 
ceramic tile and a razor blade was used to remove a small piece (~5x5mm) of muscle 
from the right side of the fish, between the anal and caudal fins (Porter, et al., 2002).  The 
tissue was blotted with a Kimwipe to remove excess ethanol from the tissue.  A clean 
razor blade was used to mince the tissue and the pieces were added to a 1.5mL microtube.  
An aliquot of 500µL ABI Lysis buffer (0.1M Tris, 4.0M Urea, 0.2M NaCl, 0.01M 
CDTA, 0.5% n-laurylsarcosine) and 5µL of Proteinase K (20mg/µL stock) was added to 
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each microtube.  Tubes were incubated at 55ºC for at least 6 hours.  Equal volume 
(500µL) of Phenol: Chloroform: Isoamyl alcohol mixture (25:24:1) was added to each 
sample, mixed by inversion and centrifuged for 10 minutes.  The top aqueous layer of the 
sample was removed with a 5mL disposable plastic transfer pipette and placed into a new 
tube, the remaining contents were discarded.  The top aqueous layer was combined with 
500µL of Chloroform: Isoamyl alcohol (24:1), mixed by inversion and centrifuged for 2 
minutes.  The top aqueous layer of the sample was again removed and placed into a new 
tube and the remaining contents were discarded.  DNA was precipitated from the top 
layer with the addition of 1000µL of cold absolute ethanol, mixed by inversion and 
centrifuged for 20 minutes at 4ºC.  Remaining ethanol was decanted and DNA pellets 
were washed with 200µL of cold 70% ethanol to remove excess salts.  All samples were 
left open and covered with Kimwipes overnight to air dry.  Samples were diluted in a 
new tube with DEPC H2O to a concentration of 12ng/µL.  All samples were stored in a -
20ºC freezer. 
The air-dried DNA pellets were resuspended in 150µL DEPC- treated 
(diethylpyrocarbonate) H2O.  A nanodrop spectrophotometer ND-1000 was used to 
measure DNA concentration (ng/µL) and purity, which is a ratio of absorbance at 
260:280 nm, to assess the protein contamination with the DNA sample. 
DNA samples were then diluted with DEPC H2O to a working concentration of 
24ng/µL in 50µL aliquots.  Diluted samples were placed in new tubes and stored in a -
20ºC freezer. 
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Part 2.3.2 Embryo DNA Extraction 
Preserved eggs from nests that were selected for analysis were soaked for 1 hour 
in deionized H2O.  The eggs of each nest were sorted into developmental stage (A, B, C, 
D, E) using a microscope (described in Figure 3.1).  Each developmental stage was 
sampled according to the proportion of each stage in relation to the total number of 
embryos in the nest.  For example, nest N6 contained a total of 382 embryos.  There were 
4 embryos at developmental stage A, 140 at stage B, 11 at stage C, 199 at stage D, and 28 
at stage E.  Based on a total genetic sample of 47 eggs, 1% of the embryos were selected 
to represent stage A, 37% for stage B, 3% for stage C, 52% for stage D, and 7% for stage 
E.  A total of 47 eggs were genotyped per nest, unless the total number of embryos was 
less than 47, in which case all available embryos were selected.  This total number of 47 
was selected based upon the availability of 96-well plates used for fragment analysis, so 
that two nest samples with associated adults could be analyzed per plate. 
For samples in stages A-C, each egg was placed in a 1.5µL microtube with 50µL 
of Embryo Extraction Buffer (EEB; 2ml 0.5M Tris pH 8, 333.4µL 0.3M EDTA pH 8, 
500µL 5M NaCl, 97.2µL DI H2O) (DeWoody et al., 2000c).  For samples in stages D and 
E, the embryo was dissected from the egg and yolk sac and then placed in a tube 
containing 50µL EEB.  Sampled were mashed with a sterilized toothpick.  An aliquot of 
1µL Proteinase K (20mg/ml) solution was added to each sample, which were then 
incubated in a BioRad C1000 touch thermocycler at 55ºC for 30 minutes and then 95ºC 
for 2 minutes.  Samples were then placed in a centrifuge at 3000rpm for 6 minutes.  The 
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resulting supernatant was removed via pipette and placed in a new labelled tube.  DNA 
purity and concentration of each sampled was measured using a nanodrop 
spectrophotometer ND-1000.  Samples were diluted in a new tube with DEPC H2O to a 
concentration of 50ng/µL in 40µL aliquots.  All samples were stored in a -20ºC freezer. 
Part 2.4 Molecular Analysis 
Part 2.4.1 Optimization of Microsatellites 
This study began with 20 microsatellite loci which were optimized and carried 
through a series of analyses in order to select the best few needed for parentage analysis.  
Microsatellites from four species of darters were selected; Etheostoma caeruleum (“Eca”, 
Rainbow Darter), Etheostoma virgatum (“CV”, Striped Darter), Etheostoma scotti 
(“Esc”, Cherokee Darter), and Etheostoma tallapoosae (“Etal”, Tallapoosa Darter).  All 
forward primers for each microsatellite locus were fluorescently tagged, with either red, 
green, blue or yellow.  In order to develop optimal PCR conditions for the microsatellites, 
E. flabellare DNA collected in 2011 was used.  Conditions were modified per 
microsatellite, and PCR (polymerase chain reaction) and fragment analysis tests were 
completed.  Adjustments were made to the master mix solution for PCR, including the 
amount of primer, MgCl2, dNTPs and taq polymerase.  Various combinations of primers 
were attempted for multi-plex PCR.  Adjustments were made to the PCR thermocycler 
program, including the annealing temperature and number of cycles.  All PCR was 
completed on either a BioRad C1000 Touch or BioRad S1000 thermocycler.  
Adjustments were made for optimum fragment analysis, including concentration of PCR 
product analyzed, as well as the ratio of PCR product to GeneScan 500 LIZ size standard 
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and OmniPur formamide (stock: 25µL GeneScan 500 LIZ size standard + 450µL 
formamide [CH3NO]).  All fragment analysis was conducted on an ABI 3130 Genetic 
Analyzer with Pop-4 polymer and a 36cm array.  Initial conditions for these 20 
microsatellites were found in literature, and can be found in Appendix E.  Alleles were 
scored using PeakScanner v 1.0 and binned, and the frequency of each allele was 
calculated.  The final selected PCR master mix is outlined below, in Table 2.1.  The final 
PCR thermocycler program conditions consisted of a hot start at 95°C for one minute, 50 
cycles of: 95°C for 30 seconds, an annealing temperature of 52°C for 30 seconds, 72°C 
for 30 seconds and a final extension at 72°C for ten minutes and followed by a storage 
hold at 4°C. 
A multi-locus master mix did not work for all individuals studied, and in such a 
case a single-locus master mix was prepared and the water content was adjusted 
accordingly.  All embryo DNA was amplified using a single-locus master mix and is 
reflected in the master mix details below, in Table 2.1. 
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Table 2.1. PCR master mix conditions for adult and embryo DNA. 
PCR Master Mix 
Reagent 
1x (adult 
DNA) 
1x (embryo 
DNA) 
Fisher buffer (10x) 1.5µL 1.5µL 
Fisher MgCl2 
(25mM) 2.5µL 2.5µL 
dNTPs (1.25mM 
each) 1µL 1µL 
Forward Primer 1 
(10pmol/µL) 0.1µL 0.3µL 
Reverse Primer 1 
(10pmol/µL) 0.1µL 0.3µL 
Forward Primer 2 
(10pmol/µL) 0.3µL — 
Reverse Primer 2 
(10pmol/µL) 0.3µL — 
Forward Primer 3 
(10pmol) 0.3µL — 
Reverse Primer 3 
(10pmol/µL) 0.3µL — 
Taq polymerase 0.2µL 0.2µL 
DEPC H2O 3.4µL 5.2µL 
DNA 
2µL/rxn 
(12ng/µL) 
1µL/rxn 
(12ng/µL) 
 
Part 2.4.2 Fragment Analysis and Quantification 
PCR products were stored in a refrigerator at 7°C.  An aliquot of 0.5µL of each 
PCR product was placed into wells in a column of a 96-well semi-skirted plate.  PCR 
products of the same DNA sample were placed together in a single well if the fluorescent 
tags of the primer were not the same color, this was not done in all cases, as some primers 
seemed to overpower others for certain individuals.  Most conditions including PCR 
product dilution and whether or not samples were multi-loaded were dependent upon the 
  19 
success of previous trials.  An aliquot of 9.5µL of LIZ size standard and formamide mix 
was added to each well.  Samples were analyzed for fragment analysis on an ABI 3130 
Genetic Analyzer.  Alleles were quantified using PeakScanner v 1.0 software, a program 
that sized each allele compared to the LIZ size standard to produce raw sizes.  The raw 
sizes were binned based on the repeat motif. 
The program Colony (©Wang, ZSL, 2008), a software package that implements a 
likelihood method for inferring parentage and sibship from codominant/dominant marker 
data, was initially used to try to gain an estimate number of females contributing to each 
nest.  While it was unable to provide such information, it was capable of providing all 
possible genotypes of mothers based on the genotypes of the embryos in each nest 
(Appendix G).  For each nest, Colony provided a number of possible female genotypes at 
each locus, with between one and four possible allele combinations, and the probability 
of each being an actual mother to a portion of the embryos. 
Correlation coefficients and p-values for the relationships of quantitated 
reproductive behaviors were computed using R (R Core Team, 2017). 
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Chapter 3 Results 
An adult population of 53 samples, including all associated adults (26 individuals) 
and some from the general population (27 individuals), was used in GenePop (4.2) to 
quantify number of effective alleles, heterozygosity expected, heterozygosity observed, 
heterozygote excess and deficit, Hardy-Weinberg equilibrium (Raymond M. and Rousset 
F., 1995, and Rousset, F., 2008).  Exclusion probability for parentage analysis with 1 
known parent (DeWoody et al., 2000a), linkage disequilibrium, and null allele frequency 
from ML Null Program were also quantified (Rousset and Raymond, 1995).  Observed 
and expected heterozygosity was calculated manually, using data provided by GenePop, 
see formulas below.  These parameters were used to select the best possible combination 
of microsatellites to use for the remainder of the study.  A combination of three 
microsatellites (Eca6, Eca13, Eca46) were chosen for the parentage analysis study of the 
adult and embryo samples collected from Bates Fork May 1 and 3 of 2013.  The final 
conditions for the selected microsatellites are displayed in Table 3.2.  The final three loci 
were selected based on success in amplification and ability to score alleles in 
PeakScanner v 1.0, as well as the results calculated by GenePop (Raymond and Rousset, 
1995). 
Formulas 3.1 and 3.2. Expected heterozygosity and observed heterozygosity.
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 Nests selected for genetic analysis were based on whether a guarding male was 
present.  Of the 23 nests collected, 18 had a guarding male.  Table 3.1 displays the 
characteristics collected for all adults that were associated with a collected nest.  An 
attempt at genotyping eggs from 11 of these 18 nests were made over the course of the 
study.  Six nests failed to be scored efficiently, five were successful.  Figure 3.1 shows 
photos and sketches of the five nests that were successfully quantified.  In all, 53 adult 
samples and 235 embryo samples were successfully genotyped at the 3 selected loci used 
in the study.  
  
2
2
 
Table 3.1. Characteristics collected for adults associated with a collected nest. 
Nest Date Sex Label Total Length (mm) Standard Length (mm) Depth (mm) Girth (mm) Weight (g) Egg mimics
1 1-May M N1M1 65 56 9 6 1.49 8
5 1-May M N5M1 55 46 8 7.5 0.89 7
6 1-May M N6M1 65.5 55 9 6 1.59 7
7 1-May M N7M1 60 50 8 6 1.35 8
7 1-May M N7M2 51.5 44 8 4.5 0.81 7
8 1-May M N8M1 60 52 8 5.5 1.34 8
9 1-May M N9M1 65 55 10 6 1.77 7
10 1-May F N10F1 43 37 7.5 5 0.51
11 1-May M N11M1 54 47 9 5.5 1.06 6
12 1-May M N12M1 60.5 53 9 5.5 1.34 8
13 1-May M N13M1 56 48 8 5.5 1.17 7
14 1-May M N14M1 68 60.5 9 6.5 2.03 8
14 1-May M N14M2 48 41 7 4.5 0.66 8
15 3-May M N15M1 52 44 7 4 0.71 8
15 3-May F N15F1 50 43 7.5 4.5 0.62
16 3-May M N16M1 58 50 9 5 1.06 7
17 3-May M N17M1 61.5 52 8.5 6 1.41 7
18 3-May M N18M1 61 54 8.5 5.5 1.47 7
18 3-May F N18F1 51 45 8 5 0.64
19 3-May M N19M1 69.5 60 9.5 7 2.12 9
21 3-May M N21M1 54 46.5 7.5 5 0.96 8
21 3-May F N21F1 44 38 8 5.5 0.58
21 3-May F N21F2 43.5 38.5 7 4 0.43
22 3-May M N22M1 61 54 8 5.5 1.4 8
23 3-May M N23M1 68.5 59 9.5 6.5 1.89 8
23 3-May F N23F1 46 41 7.5 5 0.56
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Figure 3.1. Photos and sketches of genetically analyzed nests.  (Photos of each nest 
rock are on the left, and sketches of each nest rock are on the right.  Images for 
nests N6, N7, N8, N16 and N21 are shown). 
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Table 3.2. Summary of population attributes for the three microsatellite loci selected for use in this study. 
  25 
 Embryos were sorted into developmental stages, as described by Cooper 1979.  
Photo representations of each developmental stage were taken with a stereoscope and are 
included in Figure 3.2. 
Figure 3.2. Developmental stage descriptions according to Cooper, 1979 and 
microscope photos taken of each stage. 
 
Nest N6 contained embryos of developmental stages A, B, C, D, and E.  Nests N7 
and N8 contained embryos of stages D and E.  Nest N16 contained embryos of stages C, 
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and nest N21 contained embryos of stages A, B, and C.  Nest N6 contained a total of 382 
embryos, 4 of which were at developmental stage A, 140 at stage B, 11 at stage C, 199 at 
stage D, and 28 at stage E.  Nest N7 contained a total of 379 embryos, 352 of which were 
at stage D and 27 at stage E.  Nest N8 contained a total of 177 embryos, 170 were at stage 
D and 7 were at stage E.  Nest N16 contained 224 embryos, all of which were at 
developmental stage C.  Nest N21 contained a total of 221 embryos, 2 were at stage A, 
137 at stage B, and 82 at stage C.  Table 3.3 displays how many embryos of each 
developmental stage, as well as the total number of embryos, were present in each nest.  
Table 3.3 also displays how many embryos were genetically analyzed per developmental 
stage per nest.  As previously described, a sample of 47 embryos was selected for genetic 
analyzation per nest.  A proportionate sample of each developmental stage was selected. 
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Table 3.3. Summary of stages of embryonic development per nest analyzed. 
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Using PeakScanner v 1.0, alleles from 53 adult E.flabellare were quantified.  The 
number of alleles per locus ranged from 11-20.  Allele frequencies are included in Figure 
3.3, 3.4, and 3.5.  The assigned allele scores for each individual at each locus were then 
binned, and their frequency was calculated.  This data was used to determine which 
combination of loci would be used for the parentage analysis, based on the results 
received from GenePop, ML Null Program and parental exclusion probability.  The final 
three and their data are displayed below (Table 3.4), including sample size, number of 
alleles, number of effective alleles, heterozygosity expected (HE) and observed (HO), 
Hardy-Weinberg equilibrium, heterozygote deficit and excess, parental exclusion 
probability with one parent known (PE), forward and reverse sequence, repeat motif, and 
ideal annealing temperature (TM). 
Table 3.4. GenePop results and information for the three microsatellite loci used in 
this study. 
Locus Eca6 Eca13 Eca46 Mean
Sample
Size 53 53 53 53
No.
Alleles 20       11       19       16.6667 
No. Effective
Alleles 11.7 7.4 10.7 9.9333
HE 0.9148 0.8651 0.9069 0.8956
HO 0.9245 0.7736 0.8491 0.8491
Hardy-Weinberg 0.1201 0.2597 0.0422 0.1407
Heterozygote
Deficit 0.1331 0.0061 0.0366 0.0586
Heterozygote
Excess 0.8669 0.9939 0.9635 0.9414
PE (1 parent known) 0.8281 0.7293 0.8103 0.9912
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Figure 3.3. Allele frequencies of the adult population at microsatellite loci Eca6 used in this study. 
 
   
3
0
 
Figure 3.4. Allele frequencies of the adult population at microsatellite loci Eca13 used in this study. 
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Figure 3.5. Allele frequencies of the adult population at microsatellite loci Eca46 used in this study. 
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The effective number of alleles defines the number of alleles with equal 
frequencies needed to reach expected heterozygosity.  Expected and observed 
heterozygosity determines the genetic variability under Hardy-Weinberg equilibrium.  In 
this case, the observed heterozygosity was higher than expected for locus Eca6, and 
lower than expected for loci Eca13 and Eca46.  The observed (HO) and expected 
heterozygosity (HE) results are not different enough to indicate any possible inbreeding or 
mixing of two isolated populations.  The scores for expected heterozygosity are high, 
which relates to the high number of effective number of alleles, meaning each of the loci 
are displaying a high level of genetic variability.  The mean Hardy-Weinberg equilibrium 
score for all three loci indicates that the use of this loci combination is within equilibrium 
and therefore effective at determining genetic variability.  This is important because this 
means these loci are neutral and not impacted by selection or other evolutionary forces.  
This means that within the given population, mating is random, the population size is 
effective, there are similar allele frequencies between genders, there is no selection and 
mutation and migration is not affecting the reproduction.  Heterozygote deficit and excess 
are used to determine if the loci chosen provide enough heterozygotes for high genetic 
variability.  Two of the loci chosen (Eca13 and Eca46) are not within significance for 
heterozygote deficit, meaning they may not provide enough heterozygotes, but all three 
loci had significant scores for heterozygote excess.  The combination of the three selected 
loci provided a parental exclusion (PE) probability of 99.12%, meaning a randomly 
chosen offspring could be excluded from being sired by a given nest attending male with 
99.12% probability. 
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For all nests used in this study, a guarding male was identified and the minimum 
number of females that contributed to each nest was calculated based on the number of 
maternal alleles divided by two (assuming all females were heterozygous).  The 
sequence, repeat motif, and ideal annealing temperature are provided for reference when 
using each locus for PCR and analysis.  Genotypic linkage disequilibrium results indicate 
a p-value of 1 for each locus, meaning all three of the final selected loci passed and they 
are independent genetic markers.   
 Of the 23 nests collected, 18 had a guarding male.  Five of these nests were 
successfully analyzed at the three loci.  In total, 235 embryos from five nests were 
examined genetically.  Of the five nests, three contained all embryo genotypes that were 
consistent with the guarding male, therefore in 60% of the nests allopaternal care was not 
detected.  Of the two nests that displayed genotypes not consistent with the guarding 
male, nest N7 had two foster events and nest N16 had five foster events.  Nest N7 
consisted of eggs mainly in developmental stage D, which is where the foster events took 
place, and a few eggs were at developmental stage E.  One foster event from this nest 
showed a genotype consistent with another male that was associated with the nest.   
 Based on the calculated minimum number of females contributing to each nest, an 
analysis of all five nests concluded that females laid 47.7 eggs per nest on average 
(Figure 3.6).  According to literature, Fantail Darter females lay an average of 34 eggs 
per nest (Winn, 1958).  The reason for the higher average in this study is likely because a 
minimum number of females per nest was used, instead of an estimated number of 
females contributing to each nest.  Nest N6 had an average of 63.7 eggs per female, nest 
N7 had an average of 63.2 eggs per female, nest N8 had an average of 35.4 eggs per 
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female, nest N16 had an average of 44.8 eggs per female, and nest N21 had an average of 
31.6 eggs per female.  A more sophisticated estimate of the number of females per nest 
was not calculated due to lack of a capable computer program.  Eight different genetic 
programs were tested for an estimate number of females per nest, but none were 
successful.  One program (Colony) was used for its other capabilities, and is described 
later. 
Figure 3.6. The average number of eggs laid per female per nest based on the 
minimum number of females, the total average of all nests analyzed, and the 
average according to the literature. 
 
  
 
 
 
 
 
Based on the allelic counts per nest, an average of a minimum of 5.8 females 
contributed to each nest.  Nest N6 had a minimum of 6 females, nest N7 had a minimum 
of 6, nest N8 had a minimum of 5, nest N16 had a minimum of 5, and nest N21 had a 
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minimum of 7.  The mean number of eggs per nest, of all 23 collected, was 349.4, with a 
range of 50-817 eggs. 
 The reproductive data (Table 3.4) for all five nests was analyzed for linear 
correlations, and Figure 3.7 shows the data correlations in comparison to minimum 
number of females per nest.  Behavior characteristics are listed diagonally down the 
figure: min. fems = minimum number of females genetically contributing to each nest, 
egg.mimics = number of egg mimics present on the dorsal spines of each guarding males, 
male.g = weight in grams of each guarding male, eggs.per.nest = total number of eggs in 
each clutch found, rock.mm = size of each nest rock (mm2).  The dots in the graphs above 
the characteristics represent a single nest, the lines represent the relationship between the 
two characteristics of comparison.  The numbers below the characteristics are the 
correlation coefficient of the two characteristics of comparison.  There are four trending 
positive relationships, including total egg count per nest (r2=0.089), number off egg 
mimics per guarding male (r2=0.012), rock size (r2=0.624), and flow at 60% depth 
(r2=0.725).   
 Coefficient correlations and p-values for reproductive data showed only three 
trending positive relationships, none of significance.  Those three include minimum 
number of females as a result of rock size (like r2, include in discussion) (R=0.79, 
p=0.1), eggs per nest as a result of male weight (R=0.65, p=0.2), and eggs per nest as a 
result of rock size (R=0.58, p=0.3) (Fig 3.4 and Table 3.6). Although these data did not 
provide statistical significance (likely due to small sample size, discuss in discussion), it 
does provide insight into the reproductive characteristics of importance for this Fantail 
Darter population.
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Figure 3.7. Reproductive behavior comparisons via linear regressions analyses computed in R.  
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Table 3.5. Reproductive behavior correlation coefficients and p-values (statistics 
computed in R). 
 
 Colony was used to calculate all possible mother genotypes for each clutch.  For 
nest N6, Colony provided 17 possible genotypes, for nest N7 there were 24, 29 for nest 
N8, 26 for nest N16, and 19 for nest N21.  By comparing all of the possible genotypes 
and allele combinations at each of the three loci, it was not possible to determine if any of 
the possible contributing females laid her eggs in more than one nest.  None of the 
possible genotypes were the same across all three loci at any of the five nests.  This does 
not necessarily mean females were laying their eggs in only one nest, as only five of the 
23 nests were analyzed and there was no way to calculate the actual estimate of females 
per nest. 
 Additionally, Colony was able to provide possible father genotypes for the two 
nests in which foster events took place (Appendix H).  For nest N7, in which at least 2 
foster events took place, Colony provided 5 possible father genotypes in addition to the 
guarding male.  For nest N16, in which 5 foster events took place, Colony provided 3 
additional possible father genotypes.  Comparing all possible genotypes across all nests, 
it was found that none of the guarding males appeared to contribute to any other nest.  It 
was also found that of the possible sneaker fathers, none were the same between the nests 
min # fems egg mimics male weight (g) eggs per nest rock size (mm)
min # fems N/A 0.60 0.70 0.60 0.10
egg mimics 0.33 N/A 0.70 0.70 1.00
male weight (g) 0.21 0.24 N/A 0.20 0.50
eggs per nest 0.30 0.25 0.65 N/A 0.30
rock size (mm) 0.79 0.01 0.37 0.58 N/A
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that experienced foster events, meaning the foster events that occurred at nests N7 and 
N16 were not completed by the same male. 
 In brief summation, no foster events occurred at nest N6 and a minimum of six 
females contributed genetically to the nest.  A minimum of six females contributed to 
nest N7, where at least two foster events took place, and these foster events appear to be 
the result of cuckoldry.  At nest N8, there were no instances of foster events, and a 
minimum of five females contributed to the nest.  At nest N16, five embryos were not 
sired by the guarding male, but are consistent with cuckoldry by 2 sneaker males, and a 
minimum of five females contributed to the nest.  A minimum of seven females 
contributed to nest N21, where no foster events took place.  Table 3.6 describes a 
summary of reproductive behaviors per nest.  This data was used in relation to the genetic 
data to determine which (if any) of the reproductive behaviors influenced Fantail Darter 
male reproductive success.  In nests N6, N8, and N21, all 47 embryos analyzed were 
sired by the guarding male.  In nest N7, two offspring were not sired by the guarding 
male.  In nest N16, five offspring were not sired by the guarding male.  The minimum 
number of females that contributed embryos to each nest ranged from 5-7 females.  The 
number of egg mimics displayed by each nest guarding male ranged by 7-8 mimics.  
Standard body length for the nest guarding males ranged between 0.96 and 1.59g.  The 
range of eggs in each nest was 172-382 eggs.  Each nest contained differing embryo 
developmental stages (Table 3.3).  The rock that each nest was attached to was measured, 
and sizes ranged between 12,963 and 49,044mm2.  Additionally, the nests were measured 
for size and ranged from patches of 2,142 to 6,200mm2.  Rock and nest size were used to 
determine how much of the rock was utilized by the nest, and percentages are included in 
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Table 3.6.  Furthermore, Table 3.6 includes information concerning the average number 
of eggs laid per female that contributed to each nest, a range of 31.6-63.7 eggs.  The 
average flow (ft/s) at 60% depth at each nest site is also included in Table 3.6. 
Table 3.6. Summary of reproductive behaviors per nest.
 
 
 
 
 
 
 
 
Nest ID 6 7 8 16 21
Paternity by guarding male 47/47 45/47 47/47 42/47 47/47
Minimum number of females 6 6 5 5 7
Number of egg mimics 7 8 8 7 8
Male standard body length (mm) 55 50 52 50 46.5
Male body weight (g) 1.59 1.35 1.34 1.06 0.96
Number of eggs per nest 382 379 177 224 221
Embryo developmental stages ABCDE DE DE C ABC
Rock size (mm
2
) 49044 30810 20230 12963 41391
60% depth flow ave. (ft/s) 0.33 0.36 0.27 0.34 0.75
Avg # of eggs per female 63.7 63.2 35.4 44.8 31.6
Egg patch (mm
2
) 6200 5775 2142 3675 2280
% of rock used by nest 13.8 18.7 10.6 28.3 5.5
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Chapter 4 Discussion 
Comparisons provided some insight as to how certain factors might be preferable 
to male reproductive success, when measured in terms of mating with a higher number of 
females (Figure 4.1).  Total number of eggs per nest increased as the minimum number of 
females contributing to each nest increased.  This makes sense, as a higher number of 
females selecting a male and rock nest should lead to a higher number of eggs laid.  As 
for number of egg mimics per nest guarding male and minimum number of females, the 
positive trend is very slight.  As mentioned before, the number of egg mimics are likely 
not a large influence on female mate preference, since the range of number of eggs 
mimics between males is not large.  It is interesting to see that the minimum number of 
females contributing to each nest did show a positive relationship with both increased 
rock size and stream flow.  Perhaps a faster stream flow brings more female traffic 
through a nest site, which allows for a male to have the opportunity to mate with a higher 
number of females.  Additionally, perhaps a larger rock size is favorable to females 
because a larger territory can provide more sufficient protection to the embryos.  Perhaps 
a larger rock size allows a male to have a larger number of embryos, which decreases the 
likelihood for one particular female’s embryos to fall victim to predation. 
 There was no significant relationship between any factors and number of egg 
mimics displayed by each guarding male.  The number of egg mimics per male did not 
differ greatly between individuals, as the range of egg mimics of males displaying was 5-
8 mimics.  Of the 115 Fantail Darters that were captured during sampling and processed, 
20 were juvenile, 54 were female, 41 were male and 16 of those males displayed egg 
mimics.  The small range in number of mimics is because Fantail Darters display one 
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mimic per dorsal fin spine, and the number of spines developed by each male does not 
differ greatly (Porter et al., 2002a).  Furthermore, it is not known whether the 
characteristic of male body size or the characteristic of size of mimics make a male more 
reproductively successful, because size of egg mimics is strongly correlated with male 
body size (Knapp and Sargent 1989). 
Figure 4.1. Total egg count per nest vs. minimum number of females contributing to 
each nest. 
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Figure 4.2. Minimum number of females contributing to each nest vs. number of 
eggs mimics of each guarding male. 
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Figure 4.3. Minimum number of females contributing to each nest vs. guarding male 
body weight. 
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Figure 4.4. Minimum number of females contributing to each nest vs. rock size. 
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Figure 4.5. Minimum number of females contributing to each nest vs. standard body 
length of each guarding male. 
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Figure 4.6. Minimum number of females contributing to each nest vs. 60% depth 
flow average. 
 
 Several females contributed eggs to each nest (5-7 females), as described by the 
data.  Comparatively, a study conducted on the life history of Striped Darters concluded 
that several females of that species contribute to each nest as well (Kornman, 1980).  The 
Striped Darter mating strategy is similar to that of the Fantail Darter, in that the males 
will establish and defend a nest site, mate with multiple females, and use strategies like 
mimics and allopaternal care in order to increase the chance of reproductive success.  
Additionally, females of both species lay their eggs in a single layer cluster on the ceiling 
of the nest site (Porter et al., 2002a). 
 The total number of eggs in the nest did not seem to relate to the minimum 
number of females that contributed to each nest at each developmental stage.  Calculating 
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the minimum number of females per stage does not seem to be a necessary piece of data 
when determining what makes a male Fantail Darter reproductively successful.  If the 
estimated number of females per nest or per developmental stage was able to be 
calculated, it’s possible that data could be more helpful for providing insight, as it is a 
more accurate estimate than the minimum.   
 Nests N7 and N16 displayed events of cuckoldry, where a small number of the 
embryos were not sired by the guarding male.  In nest N7, 4.3% of the sampled portion of 
embryos were not fathered by the guarding male and in nest N16, 10.6% were not 
fathered by the guarding male.  In other words, there was a guarder male for nest N7 
(N7M1) but also a male nearby when the nest was captured (N7M2), and this secondary 
male had a genotype that was consistent with one of the fostered embryos, so N7M2 is 
likely a sneaker male.  Nest N16 showed five foster events, and the entire nest was of 
developmental stage C, so determining whether this is a cuckoldry event or nest takeover 
would be difficult, but because so few of the embryos were fostered, it is likely this was 
another sneaker male cuckoldry event.  Both events showed small numbers of fostered 
embryos (two and five), and because both nests were either entirely one developmental 
stage or almost entirely one stage, it is likely that more of the embryos were fostered than 
was quantified.  A portion of 47 eggs were sampled from each nest, nest N7 had a total of 
379 eggs and nest N16 had a total of 224 eggs, so it is likely that some of the fostered 
embryos were not selected for the sample portion for molecular analysis.  Of all the 
embryos from all five nests that were genetically analyzed in this study, 3.0% were 
fertilized by sneaker males. 
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 Comparatively, a genetic study conducted on Striped Darter reproduction 
concluded 74% of nests analyzed showed no evidence of foster care (Porter et al., 2002a).  
In this study on Fantail Darters, 60% of nests showed no evidence of foster care.  The 
Striped Darter paper looked at 19 nests, whereas this study analyzed 5.  In order to 
determine if one species experiences more foster care than the other, more Fantail Darter 
nests will need to be studied for better comparison. 
 A study conducted on Striped Darter reproduction success showed that between 
two separate populations, an average of 3.9 and 5.6 females successfully spawned per 
nest (Porter et al., 2002a), which is less than the average concluded in this study of 
Fantail Darters, which displayed a minimum of 5.8, with a range of 5-7, meaning the 
actual estimate number is likely larger.  Factors that seemed to influence Fantail Darter 
reproductive success were rock size and male weight, meaning females may prefer larger 
males and larger nest sites.  Females may prefer larger rock sizes, as suitable nest rocks 
are thought to be a constraint on the reproductive success of many species of darters 
(Page and Schemske, 1978; Constanz, 1985). 
 Instances of cuckoldry did not seem to be related to any characteristics of the nest 
sites or guarding males.  Cuckoldry events occurred at nests N7 and N16, and the 
smallest guarding male (46.5mm, 0.96g) was associated with nest N21.  The largest 
guarding male (55mm, 1.59g, nest N6) also did not experience any cuckold events.  
Additionally, cuckoldry events did not occur in relation to the size of the rock nest, or the 
stream flow at the nest site.  Nests N7 and N16, were cuckold events occurred, were 
located in nest clusters.  Nest N7 was in close proximity to nine other nests, and nest N16 
was close to five other nests.  Genetic analysis of all guarding males and all of the nests 
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allows us to rule out that any other guarding male left his nest to fertilize eggs at a nearby 
nest.  Even so, it is possible that sneaker males were drawn to these nests in particular 
because of the location near several nests.  The five nests near nest N16 were not 
successfully genetically analyzed, so we do not know if these nests also experienced 
instances of cuckoldry.  Two of the nine nests surrounding nest N7 were genetically 
analyzed, but the remaining seven were not successfully analyzed, meaning sneaker 
males could have been forcing instances of foster care at those nests as well.  An 
additional study should be conducted to successfully genetically analyze the nests 
surrounding nests N7 and N16, to see if more instances of cuckoldry had taken place, and 
if the same male or set of males was/were responsible. 
 Porter et al. (2002a) found in their Striped Darter study that allopaternal care 
occurrence at a nest site was likely due to nest takeover, and the guarding males tended to 
be smaller than those who sired all of the offspring in their nests.  As mentioned earlier, 
that was not the case for the Fantail Darter study, where size of guarding male did not 
have a relationship with the instances of cuckoldry.  Furthermore, the Striped Darter 
study stated that although there were instances of foster care, they were not the result of 
cuckoldry.  Unlike this finding, this Fantail Darter study concluded all instances of foster 
care to be the result of a cuckold situation.  This finding is comparative to other paternity 
studies conducted with nest-tending fishes of other species, such as three species of 
Lepomis sunfish, the Fifteen-spine Stickleback, the Sand Goby, the Tessellated Darter, 
and the Largemouth Bass (Porter et al., 2002a). 
 Both Kornman (1980) and Porter (2002a) confirm that Striped Darter males mate 
with multiple females, which is comparable to the findings of this Fantail Darter study in 
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which the genetic data of each nest provided a range of at least 5-7 females that 
genetically contributed to the embryos.  Porter et al. (2002a) also found that using 
developmental stages of embryos to determine an estimate of females per nest was not a 
useful indicator.  In this study, the difference between the minimum number of females 
per nest and the minimum number of females per developmental stage per nest were very 
different, and if perhaps we had access to a computer simulation that could provide an 
actual estimated number of females, this information could have been more indicative of 
reproduction characteristics. 
 This study did not find that the minimum number of females contributing to each 
nest was correlated with the total number of eggs per nest (the two factors produced a 
correlation co-efficient of r2=0.30).  In contrast, the Striped Darter study did find that the 
estimates number of females per nest was strongly correlated to total number of eggs 
found in each nest. 
 The mean number of eggs per nest per population in the Striped Darter study was 
316.2, based on 16 nests, and 235.0, based on 27 nests.  The mean number of eggs per 
Fantail Darter nest in Bates Fork was 349.4, based on 23 nests. 
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Chapter 5 Conclusions 
The objectives of this study were to first determine a set of microsatellite loci that 
would be the best possible markers for determining parentage.  Then they were to 
genetically analyze a sample of nest sites to determine reproductive strategies, and then to 
use these data to determine what makes a male Fantail Darter reproductively successful.  
The objectives were fulfilled: three microsatellite loci were conditionally optimized to 
provide 99.12% exclusion probability while within Hardy-Weinberg equilibrium.  Nest 
N6 had a minimum of 6 females contribute to the nest and no evidence of foster care.  
Nest N7 had a minimum of 6 females and 2 instances of foster care, which were a result 
of cuckoldry.  Nest N8 had a minimum of 5 females and no instances of foster care.  Nest 
N16 had a minimum of 5 females and 5 instances of foster care, which were the result of 
cuckoldry.  Nest N21 had a minimum of 7 females and no instances of foster care.  
Although the data did not provide significant statistics, it did provide three trending 
positive relationships that give insight to what might make an adult Fantail Darter male 
reproductively successful.  The minimum number of females contributing to each nest 
increased with nest rock size, the total number of eggs found at each nest increased with 
both nest rock size and male body weight.  This means females may prefer larger males 
and larger nest sites, meaning weight and territory could be the determining factors for 
reproductive success for the study population of Etheostoma flabellare.  Figure 4.1 
indicates that rock size and stream flow may also influence the minimum number of 
females contributing to each nest, which highlights the importance of a nest site on a 
Fantail Darter male’s reproductive success. 
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Appendix A. Characteristics collected for adults of the general population from both May 
1 and May 3. 
Number 
Total Length 
(mm) 
Girth 
(mm) Sex 
Egg 
mimics 
1 52 8 M 8 
2 44 7.5 M   
3 52 9 M 6 
4 50 10 F   
5 55 11 M 7 
6 33 7.5 F   
7 44 10 F   
8 47 9 F   
9 63 10 M 8 
10 65 9 M 7 
11 34 6 F   
12 34 6 F   
13 40 7 F   
14 56 8 M 8 
15 43 8.5 M   
16 40 6 F   
17 44 8 F   
18 40 7 F   
19 44 8 F   
20 46 8 F   
21 46 8 F   
22 43 7.5 F   
23 38 6 M 6 
24 30 7 J   
25 52 10 M   
26 31 5 J   
27 41 7 M   
28 42 8 F   
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Appendix A continued 
Number 
Total Length 
(mm) 
Girth 
(mm) Sex 
Egg 
mimics 
29 45 8 F   
30 38 7 F   
31 41 8 F   
32 34 6 J   
33 42 7.5 F   
34 52 7 M 8 
35 42 7 F   
36 50 9 M 8 
37 50 9.5 M 8 
38 42 8 M   
39 41 7 F   
40 44 8 M   
41 42 7 F   
42 50 8 M   
43 41 7.5 F   
44 40 7.5 F   
45 44 8 M   
46 28 7 J   
47 38 7 F   
48 31 6.5 J   
49 45 7.5 M   
50 36 8 F   
51 35 7 M   
52 37 6.5 J   
53 38 7 M   
54 43 8.5 F   
55 36 5.5 J   
56 41 7 F   
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Appendix A continued 
Number 
Total Length 
(mm) 
Girth 
(mm) Sex 
Egg 
mimics 
57 43 9 M   
58 41 7 M   
59 29 6 J   
60 42 9 M   
61 41 7 M   
62 40 7.5 M 5 
63 41 7.5 M   
64 42 8 F   
65 40 7 F   
66 41 7.5 M   
67 47 9 M   
68 44 7.5 M   
69 29 5 J   
70 42 7.5 F   
71 39 7 F   
72 45 6.5 M   
73 42 8 F   
74 41 7 M   
75 33 6 J   
76 36 6 M   
77 46 8 M   
78 42 7.5 F   
79 34 6 F   
80 23 5 J   
81 32 5.5 J   
82 26 6 J   
83 31 6 J   
84 22 5.5 J   
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Appendix A continued 
Number 
Total Length 
(mm) 
Girth 
(mm) Sex 
Egg 
mimics 
85 34 5.5 J   
86 43 5 F   
87 26 3 J   
88 39 5 F   
89 42 4 F   
90 39 5 F   
91 27 4 J   
92 59 5.5 M 8 
93 66 5 M 8 
94 52 6 M 7 
95 54 6 M 8 
96 53 5.5 F   
97 55 5 M 8 
98 46 5 F   
99 54 6.5 F   
100 42 5 F   
101 43 5 F   
102 44 3.5 M   
103 41 4 M   
104 41 6.5 F   
105 38 4 F   
106 43 6 F   
107 46 5 F   
108 40 5 F   
109 42 5 F   
110 42 4.5 F   
111 43 5 F   
112 43 5 F   
113 35 3.5 J   
114 39 5 F   
115 34 3 J   
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Appendix B. Photos and sketches of nests collected (Nests N1-N14 were collected May 1 
2013, nests N15-N23 were collected May 3 2013). 
Figure B.1. Nest 1 
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Figure B.2. Nest 2 
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Figure B.3. Nest 3 
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Figure B.4. Nest 4 
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Figure B.5. Nest 5 
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Figure B.6. Nest 6 
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Figure B.7. Nest 7 
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Figure B.8. Nest 8 
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Figure B.9. Nest 9 
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Figure B.10. Nest 10 
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Figure B.11. Nest 11 
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Figure B.12. Nest 12 
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Figure B.13. Nest 13 
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Figure B.14. Nest 14 
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Figure B.15. Nest 15 
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Figure B.16. Nest 16 
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Figure B.17. Nest 17 
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Figure B.18. Nest 18 
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Figure B.19. Nest 19 
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Figure B.20. Nest 20 
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Figure B.21. Nest 21 
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Figure B.22. Nest 22 
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Figure B.23. Nest 23 
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Appendix C. Data collected for each nest, highlighted nest # indicates nest was found with a suspected guarding male. 
 
Nest Date Males Females
Egg patch
(mm)
Rock
(mm)
DU 1
(m)
DU 2
(m)
DU 3
(m)
DU 4
(m)
DU 5
(m)
Wet width
(m)
LDB
(m)
RDB
(m)
Depth
(ft)
Bottom flow
ave. (ft/s)
60% flow
ave. (ft/s)
1 1-May 1 91x52 222x166x24 +6.5 -6.35 3.8 1.45 0.475 0.58 0.73
2 1-May 22x20 226x124x16 +5.7 -5.45 3.8 3.11 0.8 0.91 1.58
3 1-May 55x47 120x94x13 +6.3 -5.15 3.6 2.47 0.7 0.66 1.39
4 1-May 65x33 112x95x23 +7.6 -5.25 3.19 1.19 0.7 0.14 1.39
5 1-May 1 70x53 188x128x15 +6.3 -10.9 7.8 3.63 0.6 0.25 0.44
6 1-May 1 100x62 244x201x17 +6.8 -11.28 7.95 3.18 0.6 0.25 0.33
7 1-May 1 1 77x75 195x158x18 +7 -9.05 7.33 4.09 0.925 0.18 0.36
8 1-May 1 63x34 238x85x13 +6.2 -9.2 7.55 4.6 0.8 0.12 0.27
9 1-May 1 95x88 275x132x22 +6.1 -9.39 7.25 4.28 0.7 0.27 0.39
10 1-May 1 40x32 115x92x14 +6.2 -8.48 7.34 4.88 0.8 0.23 0.30
11 1-May 1 55x38 172x125x11 +7.5 -9.36 7.34 3.55 1.0 0.13 0.38
12 1-May 1 86x58 221x155x35 +7.8 -6.05 7.4 5.69 0.9 0.17 0.25
13 1-May 1 43x22 132x119x28 +9.2 -4.97 7.4 5.65 1.0 0.21 0.37
14 1-May 2 114x106 285x182x39 +10 -5.01 5.45 3.65 1.2 0.08 0.09
15 3-May 1 1 89x48 246x229x19 +6.2 -8.6 5.95 1.43 0.7 0.20 0.17
16 3-May 1 75x49 149x87x11 +6.1 -8.34 5.95 1.95 0.6 0.09 0.34
17 3-May 1 71x60 227x87x17 +6.3 -8.57 5.95 1.3 0.5 0.05 0.02
18 3-May 1 1 98x75 322x190x38 +6.8 -9.15 5.95 0.78 0.5 0.08 0.04
19 3-May 1 139x65 318x200x11 +6.7 -8.93 5.95 1.95 0.5 0.06 0.04
20 3-May 99x62 344x270x3 +5.5 -7.78 5.95 2.17 0.7 0.34 0.64
21 3-May 1 2 57x40 219x189x11 +7.8 -6.73 5.65 0.84 0.4 0.49 0.75
22 3-May 1 90x55 640x345x38 +8.1 -6.94 5.65 0.59 0.3 0.36 0.74
23 3-May 1 82x52 184x138x29 +8.3 -6.52 5.7 0.85 0.4 0.34 0.61
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Appendix D. Species of fish (general population) collected during electroshock surveys 
conducted on May 1 2013 and May 3 3013. 
May 1 2013 
Campostoma anomalum (Central Stoneroller): 1 
Luxilus chrysocephalus (Striped Shiner): 1 
Pimephales notatus (Bluntnose Minnow): 4 
Rhinichthys obtusus (Western Blacknose Dace): 2 
Semotilus atromaculatus (Creek Chub): 2 
Etheostoma blennioides (Greenside Darter): 1 
Etheostoma caeruleum (Rainbow Darter): 9 
Etheostoma flabellare (Fantail Darter): 91 
Etheostoma nigrum (Johnny Darter): 3 
 
May 3 2013 
Campostoma anomalum (Central Stoneroller): 3 
Ericymba buccata (Silverjaw Minnow): 1 
Hypentelium nigricans (Northern Hog Sucker): 1 
Pimephales notatus (Bluntnose Minnow): 11 
Luxilus chrysocephalus (Striped Shiner): 1 
Rhinichthys obtusus (Western Blacknose Dace): 1 
Semotilus atromaculatus (Creek Chub): 6 
Lepomis macrochirus (Bluegill): 1 
Etheostoma caeruleum (Rainbow Darter): 2 
Etheostoma flabellare (Fantail Darter): 24 
Etheostoma nigrum (Johnny Darter): 11 
Percina maculata (Blackside Darter): 1 
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Appendix E. Conditions attempted in lab for original 20 microsatellites considered for use in this study. 
*Tonnis, B., 2006; ƚPorter, B., 2002; ~Gabel, J., 2008 
Primer
Original
Species Sequence (5'-3') Repeat Motif Repeat
Range
(bp)
DNA
(ng/µL)
MgCl2
(mM)
Annealing
Temp °C Cycles
Eca6* E. caeruleum
F: TGGTATGTGTGCGTGGATGTCATA
R: CTTTGAGCAAATCCCCTTACGGAA (GATA)9 Tetra 237-315 15 5
64, -0.8/cycle
54
12
23
Eca11* E. caeruleum
F: CGGGCCAGGTTGGTTTAAAGT
R: GCAGAAGCACAGGAAAGCACCCCCTCAA
(GATA)6N8(GATA)5N8
(GATA)16 Tetra 198-292 15 5
64, -0.8/cycle
50
12
23
Eca13* E. caeruleum
F: CAGAAGCCCAAGAATGGTA
R: TGTGTAACTGATATTTTGCTGCTG (TAGA)17 Tetra 171-219 15 5
64, -0.8/cycle
54
12
23
Eca14* E. caeruleum
F: CTACTTAAAACCCATGTTAGGTAA
R: CAGGGTCAGTGCTGGAAACA (TAGA)17 Tetra 165-197 15 5
64, -0.8/cycle
54
12
23
Eca44* E. caeruleum
F: AATGTTGCTGACGCAGATTGTA
R: ACTGGGACCATGAATTTCCA (TAGA)14 Tetra 138-178 15 5
64, -0.8/cycle
50
12
23
Eca46* E. caeruleum
F: CTAAGCATGGTTTGGTTTGTGA
R: CCTTTTTTCCAGTGTCAGTGTCATTT (TAGA)17 Tetra 208-288 15 5
64, -0.8/cycle
54
12
23
Eca48* E. caeruleum
F: AGCCATTGGTATGACCTTCAT
R: CACCAGCATCTTCCAACAGA (TAGA)6CTTA(TAGA)20 Tetra 178-222 15 5
64, -0.8/cycle
54
12
23
Eca70* E. caeruleum
F: CACACATGCGGCTCTATCTGT
R: AGCAGAAGCACAAAAGAGGTTGT
(GATA)37
some GACA Tetra 178-364 15 5
64, -0.8/cycle
54
12
23
CV24
ƚ
E. virgatum
F: CTTTTGACATTGGGTTGCATC
R: TCACATAGTGGGTAATGCAC Di 118-128 24 1.5 57 32
Esc18~ E. scotti
F: CTGGCAGGCTTATTGTGCTG
R: CATTGTACTCTCCCATTGTTTGGG (GATA)11 Tetra 117-251 24 2 57 50
Esc26b~ E. scotti
F: CAATGCGCCACATTGAGAAGG
R: GCACAACATATGTCGTTAAGCTCC (TAGA)27 Tetra 189-241 24 1.5 56 50
Esc57~ E. scotti
F: CCTGTGGAGGCTGAAGTGAG
R: GGTACCTCGCTGAAGACACC (GATA)12 Tetra 103-173 24 2 57 50
Esc68~ E. scotti
F: GATAAGCCAACTGTGCAAGAC
R: GCTGCTGTAACACCTGAATTTC (AGAT)26 Tetra 159-209 24 1.5 54 50
Esc96~ E. scotti
F: GTTCTGCAATTCAGATTCGCTG
R: GGTTAAACGAATTCGCCCTTG (CTAT)9 Tetra 71-187 24 1.5 56 50
Esc120~ E. scotti
F:CTATTAGACTGGCGACATTG
R: CACCATAGAAGATGACGTTG (AGAT)16 Tetra 131-217 24 2 53 50
Esc132b~ E. scotti
F: GAAGCACCTCACCAAACAGCG
R: CCACACTGACACTGTGGACTGAC (CTAT)33 Tetra 205-285 24 2 57 50
Esc153 E. scotti
F: GCACCTCACCAAACAGCG
R: CTGACACTGTGGACTGACTCAAC (CTAT)31 Tetra 134-165 24 1.9 53 49
Esc187~ E. scotti
F: ATCGGCCAGCCCTACTCTG
R: GGTGATCAGTCTGGACCACAGV (GTCT)13 Tetra 161-205 24 1.5 54 50
Etal1 E. tallapoosae
F: CCTCAAATAGGCCCCTTGTC
R: GACTGCTCATGAGTGGAGGT (GT)11 Di 24 1.32 45 50
Etal2 E. tallapoosae
F: CAGCCTCATCTTAACTTCAG
R: CAGGACGAATGATTACAGC (GATA)9 Tetra 24 1.32 45 50
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Appendix F. Water chemistry at Bates Fork located in Greene Co., Pennsylvania, 
downstream of the confluence with Fonner Run (39°57’35.1”N, 80°15’23.6”W), west of 
W-W Road, across from the start of Trail 482, 11.75km NW of the borough of 
Waynesburg. 
 
 
 
 
 
 
Water Chemistry May 1 May 3
Temperature (°C) 15.21 14.12
Conductivity (µs/cm) 262 281
DO % 110.3 101.4
DO (mg/L) 11.08 10.40
pH 7.87 7.87
Turbidity (NTU) 3.33 3.67
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Appendix G. Possible mother genotypes according to Colony. 
Table G.1. Nest N6. 
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Table G.1 continued 
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Table G.2. Nest N7. 
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Table G.2 continued 
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Table G.2 continued 
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Table G.3. Nest N8. 
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Table G.3 continued 
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Table G.3 continued 
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Table G.3 continued 
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Table G.4. Nest N16. 
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Table G.4 continued 
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Table G.4 continued 
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Table G.5. Nest N21. 
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Table G.5 continued 
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Table G.5 continued 
 
 
  
  
1
0
1
 
Appendix H. Possible father genotypes for nests with foster events according to Colony. 
Table H.1. Nest N7. 
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Table H.2. Nest N16. 
 
  103 
Appendix I: Genotype Data. 
Table I.1 Microsatellite genotyping data for adult Fantail Darter samples collected from 
Bates Fork, Greene Co., PA.  Adults are consecutively labeled with their abbreviated 
genus and species name and their binned genotype allele size (in base pair) is indicated 
for three tetramer microsatellite loci (Eca5, Eca13 and Eca46) that were initially 
developed for the Rainbow Darter, Etheostoma caeruleum, and were cross amplified for 
Fantail Darters. 
t  
 
 
 
 
Sample Eca6 Eca6 Eca13 Eca13 Eca46 Eca46
Efl1 194 222 172 180 218 266
Efl3 170 218 164 176 282 302
Efl4 218 246 172 180 214 222
Efl9 194 250 188 196 262 278
Efl14 170 210 168 168 218 266
Efl29 218 230 176 188 222 222
Efl36 194 246 184 188 214 254
Efl42 194 206 180 180 222 274
Efl49 182 218 180 180 274 282
Efl57 194 202 172 176 214 274
Efl60 202 222 180 180 214 266
Efl63 170 194 172 176 262 262
Efl74 194 206 176 188 218 262
Efl 12 218 218 172 180 218 278
Efl 15 210 214 172 188 262 274
Efl 17 206 226 180 188 214 278
Efl 21 170 250 172 188 214 222
Efl 24 274 294 168 176 258 266
Efl 27 210 222 176 192 262 274
Efl 28 170 206 188 192 214 226
Efl 41 210 214 180 184 214 262
Efl 50 198 206 184 184 222 222
Efl 52 206 226 176 180 270 270
Efl 53 206 226 188 188 218 254
Efl 66 214 222 184 188 266 306
Efl 71 194 218 176 176 218 286
Efl 77 218 254 176 180 214 274
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Table I.2 Microsatellite genotype data for Fantail Darters adults that were associated with 
nests found in Bates Fork, Greene Co., PA.  The number following N indicates the nest 
rock number, M indicates a male, F indicates a female, and the number following the 
gender indicates whether it was the first (1) or second (2) adult found with or near the 
nest.  Adults were assigned an alphanumeric title and their binned genotype allele size (in 
base pair) is indicated for three tetramer microsatellite loci (Eca5, Eca13 and Eca46) that 
were initially developed for the Rainbow Darter, Etheostoma caeruleum, and were cross 
amplified for Fantail Darters. 
 
 
 
 
 
Sample Eca6 Eca6 Eca13 Eca13 Eca46 Eca46
N1M1 206 226 180 180 262 270
N5M1 210 254 164 176 214 262
N6M1 178 198 168 168 198 202
N7M1 186 222 160 172 206 222
N7M2 210 222 176 176 222 222
N8M1 194 206 168 180 242 258
N9M1 218 218 160 180 214 266
N10F1 210 246 164 184 218 262
N11M1 202 218 168 176 218 222
N12M1 198 226 168 172 222 266
N13M1 210 214 164 168 274 286
N14M1 170 214 176 216 218 258
N14M2 218 222 164 164 214 222
N15M1 210 250 168 180 218 254
N15F1 170 218 172 188 226 226
N16M1 182 182 172 216 222 222
N17M1 194 222 176 184 214 226
N18M1 170 194 176 184 222 282
N18F1 206 222 180 188 254 254
N19M1 194 218 164 176 214 282
N21M1 226 258 176 184 218 266
N21F1 254 254 180 192 254 266
N21F2 194 210 172 176 222 282
N22M1 206 222 160 160 206 222
N23M1 218 226 172 180 214 270
N23F1 202 218 160 172 254 270
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Table I.3: Microsatellite genotyping data for embryos from nest N6. The letter after the 
nest number refers to the developmental stage, followed by a consecutive embryo 
number. 
 
Sample Eca6 Eca6 Eca13 Eca13 Eca46 Eca46
6A1 198 198 164 168 198 202
6B1 198 218 164 168 202 206
6B2 198 210 160 168 202 218
6B3 198 210 180 216 198 218
6B4 198 206 168 168 202 222
6B5 198 198 168 168 202 242
6B6 178 190 168 216 198 202
6B7 174 210 160 168 218 258
6B8 198 198 168 168 202 234
6B9 198 214 216 216 198 270
6B10 178 194 168 168 198 198
6B11 198 206 168 168 202 202
6B12 198 238 168 176 198 214
6B13 198 198 164 168 202 214
6B14 178 206 168 168 202 218
6B15 168 168 198 214
6B16 198 198 168 172 214 214
6B17 178 198 168 176 202 218
6C1 178 178 168 216 198 198
6C2 178 178 168 180 198 214
6D1 178 178 164 168 198 214
6D2 182 182 160 168 202 218
6D3 178 198 168 176 202 218
6D4 178 178 168 168 198 214
6D5 178 186 160 168 202 206
6D6 186 198 168 172 198 214
6D7 178 198 168 184 202 218
6D8 198 206 168 176 202 218
6D9 198 230 164 168 198 214
6D10 178 198 168 180 198 214
6D11 178 198 168 176 198 214
6D12 174 178 168 216 198 210
6D13 198 198 164 168 214 290
6D14 198 218 168 168 202 202
6D15 198 210 168 180 218 294
6D16 178 186 168 176 202 202
6D17 178 194 168 176 198 198
6D18 178 194 168 176 202 206
6D19 178 202 176 176 202 218
6D20 206 206 164 168 198 198
6D21 178 186 164 168 202 214
6D22 178 186 168 168 202 202
6D23 198 198 160 168 202 202
6D24 178 178 168 176 202 218
6E1 198 206 168 180 198 214
6E2 178 190 168 180 202 218
6E3 190 198 168 168 202 218
Nest 6 Embryo Genotype Data
  106 
Table I.4: Microsatellite genotyping data for embryos from nest N7. The letter after the 
nest number refers to the developmental stage, followed by a consecutive embryo 
number. 
 
Sample Eca6 Eca6 Eca13 Eca13 Eca46 Eca46
7D1 234 254 172 188 206 222
7D2 210 222 172 184 290 290
7D3 202 222 172 184 202 218
7D4 186 254 176 184 206 206
7D5 186 210 184 188 206 222
7D6 186 210 172 188 290 290
7D7 222 186 172 176 202 218
7D8 186 222 176 184 206 222
7D9 160 172 206 222
7D10 174 222 172 184 202 218
7D11 218 222 164 168 290 290
7D12 222 186 172 172 290 290
7D13 202 222 184 188 222 290
7D14 214 222 172 184 262 266
7D15 186 222 176 184 290 290
7D16 162 174 172 184 290 314
7D17 206 222 160 172 202 218
7D18 222 226 160 172 294 318
7D19 186 226 160 172 290 314
7D20 222 246 172 176 206 222
7D21 186 222 176 184 290 290
7D22 174 222 172 184 202 218
7D23 206 222 176 184 290 290
7D24 206 222 172 176 290 290
7D25 170 246 176 192
7D26 222 222 172 180 290 290
7D27 186 206 206 222
7D28 202 222 172 184 290 314
7D29 186 210 172 188 294 318
7D30 218 222 172 192 206 222
7D31 170 170 176 188
7D32 206 206 176 184 206 222
7D33 186 214 172 188 294 318
7D34 186 218 180 184 202 218
7D35 186 210 172 184 206 222
7D36 202 222 172 184 294 318
7D37 222 222 172 172 202 218
7D38 206 222 184 188 198 214
7D39 186 218 176 176 202 218
7D40 186 210 160 172 262 294
7D41 186 202 172 184 294 318
7D42 174 222 184 184 266 290
7D43 222 222 176 176 266 290
7D44 186 206 172 188 214 266
7E1 186 222 180 184 218 270
7E2 186 226 172 172 262 270
7E3 210 210 184 188 206 222
Nest 7 Embryo Genotype Data
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Table I.5: Microsatellite genotyping data for embryos from nest N8. The letter after the 
nest number refers to the developmental stage, followed by a consecutive embryo 
number. 
 
Sample Eca6 Eca6 Eca13 Eca13 Eca46 Eca46
8D1 194 206 164 164 278 294
8D2 194 206 164 168 242 242
8D3 194 194 176 188 218 290
8D4 206 210 168 180 266 290
8D5 194 202 164 168 262 294
8D6 194 202 176 188 198 198
8D7 194 202 180 188 202 202
8D8 182 202 168 180 290 314
8D9 194 202 176 188 262 318
8D10 194 202 176 180 262 314
8D11 194 194 180 180 242 242
8D12 194 206 180 188 242 242
8D13 206 222 176 188 198 198
8D14 206 222 188 192 210 226
8D15 194 206 180 180 198 214
8D16 190 206 176 188 210 230
8D17 194 202 164 168 250 242
8D18 194 202 176 188 266 318
8D19 194 194 180 180 202 202
8D20 158 194 176 180 258 258
8D21 194 194 176 180 246 254
8D22 210 222 180 180 250 250
8D23 206 222 176 180
8D24 186 194 172 188 234 258
8D25 194 202 176 180 242 258
8D26 194 202 180 180
8D27 194 194 180 188 198 198
8D28 194 202 176 180 242 242
8D29 186 206 176 180 246 258
8D30 194 202 176 188 242 258
8D31 194 206 176 188 198 214
8D32 206 206 176 180 230 258
8D33 206 194 180 180 198 214
8D34 194 194 180 188 242 258
8D35 198 206 176 180 198 198
8D36 190 206 168 176 198 214
8D37 206 222 176 188 242 210
8D38 206 222 180 180 242 242
8D39 194 202 180 188 198 214
8D40 194 194 176 188 246 254
8D41 202 194 172 180 234 242
8D42 194 194 176 180 202 202
8D43 202 194 168 180 266 294
8D44 194 194 180 188 214 314
8D45 206 222 210 226
8E1 194 202 164 168 242 242
8E2 194 202 164 176 198 218
Nest 8 Embryo Genotype Data
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Table I.6: Microsatellite genotyping data for embryos from nest N16. The letter after the 
nest number refers to the developmental stage, followed by a consecutive embryo 
number. 
 
Sample Eca6 Eca6 Eca13 Eca13 Eca46 Eca46
16C1 194 218 172 192 206 222
16C2 138 216 270 290
16C3 202 218 172 180 206 222
16C4 206 218 188 192 270 282
16C5 202 218 172 180 214 270
16C6 182 182 142 188 270 286
16C7 182 194 172 188 214 222
16C8 182 202 142 172 270 274
16C9 182 206 172 188 206 222
16C10 194 218 172 184 198 214
16C11 182 202 142 172 214 214
16C12 182 182 172 196 262 270
16C13 202 218 172 196 222 222
16C14 182 182 180 188 214 270
16C15 182 182 142 172 198 214
16C16 182 182 142 188 210 226
16C17 182 206 172 188 218 222
16C18 182 222 180 188 206 222
16C19 182 194 172 180 266 294
16C20 202 218 172 196 262 270
16C21 194 218 172 188 222 274
16C22 182 182 172 180 214 222
16C23 182 194 172 184 214 270
16C24 182 222 172 180 222 286
16C25 202 218 180 188 198 214
16C26 218 218 180 188 270 270
16C27 202 218 172 188 198 214
16C28 182 182 172 184 270 282
16C29 182 206 172 192 214 214
16C30 194 218 180 188 270 270
16C31 218 218 176 188 214 222
16C32 218 218 172 176 214 222
16C33 182 182 180 188 270 294
16C34 206 218 172 192 198 214
16C35 182 182 176 184
16C36 218 218 180 188 222 282
16C37 182 222 188 196 214 222
16C38 182 182 172 172 214 222
16C39 182 182 180 188 198 214
16C40 194 218 176 180 198 214
16C41 182 202 172 180 198 214
16C42 182 202 188 196 214 214
16C43 182 202 176 188 270 274
16C44 218 218 188 188 214 214
16C45 218 218 172 196 262 270
16C46 182 202 180 188 206 222
16C47 182 222 188 188 198 214
Nest 16 Embryo Genotype Data
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Table I.7: Microsatellite genotyping data for embryos from nest N21. The letter after the 
nest number refers to the developmental stage, followed by a consecutive embryo 
number. 
 
Sample Eca6 Eca6 Eca13 Eca13 Eca46 Eca46
21A1 194 210 180 192 218 218
21B1 210 258 176 192 262 266
21B2 218 226 176 184 218 254
21B3 206 226 180 192 218 258
21B4 218 226 172 192 218 270
21B5 194 226 176 184 218 266
21B6 176 216 270 282
21B7 210 258 180 192 218 222
21B8 218 258 176 184 266 306
21B9 226 226 176 192 254 266
21B10 218 226 176 184 218 218
21B11 210 258 176 192 266 282
21B12 226 226 176 176 218 254
21B13 226 226 176 188 218 286
21B14 176 216 218 218
21B15 226 258 176 176 266 286
21B16 226 234 176 192 266 270
21B17 206 226 180 192 218 218
21B18 218 258 176 176 202 218
21B19 210 226 176 180 214 266
21B20 218 226 176 176 266 306
21B21 226 226 180 216 222 266
21B22 218 226 176 192 266 266
21B23 176 180 270 302
21B24 218 258 176 192 266 266
21B25 194 210 176 216 202 218
21B26 210 226 176 176 262 266
21B27 176 184 218 222
21B28 234 258 172 192 218 270
21B29 218 258 176 176 218 254
21C1 210 258 176 176 202 218
21C2 176 176 218 290
21C3 250 258 176 180 214 218
21C4 194 226 176 176 218 266
21C5 222 258 188 192 218 286
21C6 226 250 176 180 214 266
21C7 210 258 180 192 218 266
21C8 210 258 176 180 266 266
21C9 226 226 188 192 266 286
21C10 210 210 176 180 218 266
21C11 210 258 176 192 218 262
21C12 194 258 176 192 266 266
21C13 250 258 176 180 214 218
21C14 210 258 176 176 214 266
21C15 206 226 180 192 218 258
21C16 170 258 176 192 214 266
21C17 210 258 176 176 262 266
Nest 21 Embryo Genotype Data
